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Statement  of  the  problem  studied 

Found  in  the  harshest  environments  on  Earth,  Archaea  express  proteins  that 
remain  functional  in  the  face  of  conditions  that  would  otherwise  lead  to 
denaturation  and  aggregation.  Post-translational  modifications,  like 
glycosylation,  help  protect  archaeal  proteins  from  such  fates.  Better 


1 


understanding  of  archaeal  protein  glycosylation  would  thus  provide  insight  into 
how  extremophilic  proteins  overcome  the  challenges  of  their  environments.  In 
previous  ARL-funded  work,  we  defined  a  series  of  Agl  proteins  involved  in  the 
assembly  and  attachment  of  a  novel  pentasaccharide  to  select  asparagine 
residues  of  the  surface-layer  glycoprotein  of  the  model  archaeon,  Haloferax 
volcanii.  In  the  recently  ended  project,  we  1)  identified  and  characterized  novel 
Agl  proteins,  2)  revealed  the  ability  of  the  Hfx.  volcanii  N-glycosylation  pathway 
to  modify  non-native  target  proteins,  3)  described  components  involved  in  the 
biogenesis  of  the  dolichol  phosphate  that  serves  as  glycan  carrier  during  Hfx. 
volcanii  N-glycosylation,  4)  delineated  a  novel  Hfx.  volcanii  N-glycosylation 
pathway  recruited  by  cells  grown  at  low  salinity,  5)  assessed  the  distribution  of 
N-glycosylation  pathway  components  across  the  Archaea,  6)  identified  two 
populations  of  the  reporter  Hfx.  volcanii  glycoprotein,  the  S-layer  glycoprotein, 
one  modified  by  a  lipid  anchor,  the  other  presenting  a  transmembrane  domain, 
7)  revealed  the  promiscuity  of  the  archaeal  oligosaccharyltransferase,  AglB,  8) 
created  the  agigenes  database  for  cataloguing  available  information  on  the 
enzymes  of  archaeal  N-glycosylation  and  9)  began  deciphering  the  N- 
glycosylation  pathways  of  Archaea  other  than  Hfx.  volcanii. 
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Summary  of  the  most  important  results 

Published  results: 

Naparstek,  S.,  Guan,  Z.  and  Eichler,  J.  (2012)  A  predicted  geranylgeranyl 
reductase  reduces  the  omega  position  isoprene  of  dolichol  phosphate  in 
the  halophilic  archaeon,  Haloferax  volcanii.  Biochim.  Biophys.  Acta,  1821, 
923-933. 

In  N-glycosylation  in  both  Eukarya  and  Archaea,  N-linked  oligosaccharides  are 
assembled  on  dolichol  phosphate  prior  to  transfer  of  the  glycan  to  the  protein 
target.  However,  whereas  only  the  a-position  isoprene  subunit  is  saturated  in 
eukaryal  dolichol  phosphate,  both  the  a-  and  co-position  isoprene  subunits  are 
reduced  in  the  archaeal  lipid.  The  agents  responsible  for  dolichol  phosphate 
saturation  remain  largely  unknown.  The  present  study  sought  to  identify 
dolichol  phosphate  reductases  in  the  halophilic  archaeon,  Haloferax  volcanii. 
Homology-based  searches  recognize  HVO_1799  as  a  geranylgeranyl  reductase. 
Mass  spectrometry  revealed  that  cells  deleted  of  HV0_1 799  fail  to  fully  reduce 
the  isoprene  chains  of  Hfx.  volcanii  membrane  phospholipids  and  glycolipids. 
Likewise,  the  absence  of  HVO_1799  led  to  a  loss  of  saturation  of  the  oo-position 
isoprene  subunit  of  C55  and  C60  dolichol  phosphate,  with  the  effect  of  HV0_1 799 
deletion  being  more  pronounced  with  C60  dolichol  phosphate  than  with  C55 
dolichol  phosphate.  Glycosylation  of  dolichol  phosphate  in  the  deletion  strain 
occurred  preferentially  on  that  version  of  the  lipid  saturated  at  both  the  a-  and 
oo-position  isoprene  subunits. 

Fig  1  -  Normal  phase  LC/ESI- 
MS/MS  reveals  that  in  Hfx.  volcanii 
A HVO_l  799  cells,  the  co-position 
isoprene  of  C6o  DolP  is  not 
saturated.  A.  The  [M-H]-  ions  of 
Hfx.  volcanii  C60  DolP  detected  at 
m/z  917.741  and  915.735  in  the 
parent  and  A HVO_l  799  strains, 
respectively.  B.  Collision-induced 
dissociation  MS/MS  analysis  of  the 
m/z  915.736  [M-H]  ion  peak 
corresponding  to  Hfx.  volcanii  C60 
DolP  in  the  HVO_l  799  deletion 
strain.  The  inset  shows  the 
fragmentation  scheme  and  lists 
the  chemical  formula  and  expected 
mass  of  the  starting  material.  The 
arrows  marked  xl5.0  and  x20.0 
reflect  magnification  of  ion  peaks 
in  the  corresponding  m/z  region. 
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Kandiba  L.,  Aitio  0.,  Helin  J.,  Guan,  Z.,  Permi,  P.,  Bamford,  D.,  Eichler,  J.  and 
Roine,  E.  (2012)  Diversity  in  prokaryotic  glycosylation:  An  archaeal- 
derived  N-linked  glycan  contains  legionaminic  acid.  Mol.  Microbiol.,  84, 
578-593. 

VP4,  the  major  structural  protein  of  the  haloarchaeal  pleomorphic  virus,  HRPV-1, 
is  glycosylated.  To  define  the  glycan  structure  attached  to  this  protein, 
oligosaccharides  released  by  (3-elimination  were  analyzed  by  mass  spectrometry 
and  NMR  spectroscopy.  Such  analyses  showed  that  the  major  VP4-derived  glycan 
is  a  pentasaccharide  comprising  glucose,  glucuronic  acid,  mannose,  sulphated 
glucuronic  acid  and  a  terminal  5-N-formyl-legionaminic  acid  residue.  This  is  the 
first  observation  of  legionaminic  acid,  a  sialic  acid-like  sugar,  in  an  archaeal- 
derived  glycan  structure.  The  importance  of  this  residue  for  viral  infection  was 
demonstrated  upon  incubation  with  N-acetylneuraminic  acid,  a  similar 
monosaccharide.  Such  treatment  reduced  progeny  virus  production  by  half  4 
hours  post-infection.  LC-ESI/MS  analysis  confirmed  the  presence  of 
pentasaccharide  precursors  on  two  different  VP4-derived  peptides  bearing  the 
N-glycosylation  signal,  NTT.  The  same  sites  modified  by  the  native  host, 
Halorubrum  sp.  strain  PV6,  were  also  recognized  by  the  Haloferax  volcanii  N- 
glycosylation  apparatus,  as  determined  by  LC-ESI/MS  of  heterologously 
expressed  VP4.  Here,  however,  the  N-linked  pentasaccharide  was  the  same  as 
shown  to  decorate  the  S-layer  glycoprotein  in  this  species.  Hence,  N- 
glycosylation  of  the  haloarchaeal  viral  protein,  VP4,  is  host-specific.  These  results 
thus  present  additional  examples  of  archaeal  N-glycosylation  diversity  and  show 
the  ability  of  Archaea  to  modify  heterologously  expressed  proteins. 


Kaminski,  L.,  Guan,  Z.,  Abu-Qarn,  A.,  Konrad,  Z.  and  Eichler,  J.  (2012)  AglR  is 
required  for  addition  of  the  final  mannose  residue  of  the  N-linked  glycan 
decorating  the  Haloferax  volcanii  S-layer  glycoprotein.  Biochim.  Biophys. 
Acta,  1820, 1664-1670. 

Recent  studies  of  Haloferax  volcanii  have  begun  to  elucidate  the  steps  of  N- 
glycosylation  in  Archaea,  where  this  universal  post-translational  modification 
remains  poorly  described.  In  Hfx.  volcanii,  a  series  of  Agl  proteins  catalyze  the 
assembly  and  attachment  of  a  N-linked  pentasaccharide  to  the  S-layer 
glycoprotein.  Although  roles  have  been  assigned  to  the  majority  of  Agl  proteins, 
others  await  description.  A  combination  of  bioinformatics,  gene  deletion,  mass 
spectrometry  and  metabolic  radiolabeling  served  to  show  a  role  for  AglR  in 
archaeal  N-glycosylation  at  both  the  dolichol  phosphate  and  reporter 
glycoprotein  levels.  The  modified  behavior  of  the  S-layer  glycoprotein  isolated 
from  cells  lacking  AglR  points  to  an  involvement  of  this  protein  in  N- 
glycosylation.  In  cells  lacking  AglR,  glycan-charged  dolichol  phosphate,  including 
mannose-charged  dolichol  phosphate,  accumulate.  At  the  same  time,  the  S-layer 
glycoprotein  does  not  incorporate  mannose,  the  final  subunit  of  the  N-linked 
pentasaccharide  decorating  this  protein.  AglR  is  a  homologue  of  Wzx  proteins, 
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annotated  as  flippases  responsible  for  delivering  lipid-linked  O-antigen 
precursor  oligosaccharides  across  the  bacterial  plasma  membrane  during 
lipopolysaccharide  biogenesis.  The  effects  resulting  from  agIR  deletion  are 
consistent  with  AgIR  interacting  with  dolichol  phosphate-mannose,  possibly 
acting  as  a  dolichol  phosphate-mannose  flippase  or  contributing  to  such  activity. 


Fig  2 
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parent 
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Glycan-charged  DolP  accumulates  in  AaglR  cells  while  pentasaccharide-modified 

S-layer  glycoprotein  is  not 
generated.  [A]  Normal  phase 
LC/MS/MS  analysis  of 
tetrasacchride-charged  DolP 
from  the  total  lipid  extract  of 
cells  of  the  Hfx.  volcanii  parent 
strain  (upper  panels)  and  of 
AaglR  cells  (lower  panels)  was 
performed.  Doubly  charged 
[M-2H]z'ions  of  methyl  ester 
of  hexuronic  acid-dihexuronic 
acid-hexose-modified  C55  and 
C60  DolP  are  shown.  Non-DolP- 
related  peaks  at  m/z  805.685 
serve  as  internal  controls  for 
changes  in  glycan-charged 
DolP  peaks  as  a  function  of 
agIR  deletion.  Note  that 
different  y-axis  scales  are  used 
in  the  profiles  of  the  parent 
and  the  AaglR  cells.  B.  EICs  of 
the  hexose-charged  DolP  [M- 
H]  ion  at  m/z  1079.8  from 
parent  (upper  panel)  and 
AaglR  strain  cells  (lower 
panel)  are  shown.  The 
enzymes  responsible  for 
generating  the  three 
monosaccharide-charging 
DolP  species  are  indicated 
above  each  peak.  In  AaglR 
cells,  the  AglD-generated 
species  accumulates. 

C.  LC-ESI/MS/MS  of  an  Asn- 
13-containing  Hfx.  volcanii  S- 
layer  glycoprotein-derived 
pentasaccharide-modified 
peptide  from  parent  (left 
panels)  or  AaglR  (right  panels) 
strain  cells  are  shown.  Above 
each  peak,  the  doubly-charged 
[M-2H]2'  ion  species  mass  is 
indicated. 
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Cohen-Rosenzweig,  C.,  Yurist-Doutsch,  S.  and  Eichler.  (2012)  J.  AglS,  a  novel 
component  of  the  Haloferax  volcanii  N-glycosylation  pathway,  is  a  dolichol 
phosphate-mannose  mannosyltransferase.  J.  Bacteriol.,  194,  6909-6916. 

In  Haloferax  volcanii,  a  series  of  Agl  proteins  mediates  protein  N-glycosylation. 
The  genes  encoding  all  but  one  of  the  Agl  proteins  are  sequestered  into  a  single 
gene  island.  The  same  region  of  the  genome  includes  sequences  also  suspected 
but  not  yet  verified  as  serving  N-glycosylation  roles,  such  as  HV0_1526.  In  the 
following,  HVO_1526,  renamed  AglS,  is  shown  to  be  necessary  for  the  addition  of 
the  final  mannose  subunit  of  the  pentasaccharide  N-linked  to  the  S-layer 
glycoprotein,  a  convenient  reporter  of  N-glycosylation  in  Hfx.  volcanii.  Relying  on 
bioinformatics,  topological  analysis,  gene  deletion,  mass  spectrometry  and 
biochemical  assays,  AglS  was  shown  to  act  as  a  dolichol  phosphate-mannose 
mannosyltransferase,  mediating  the  transfer  of  mannose  from  dolichol 
phosphate  to  the  tetrasaccharide  corresponding  to  the  first  four  subunits  of  the 
pentasaccharide  N-linked  to  the  S-layer  glycoprotein. 
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Fig  3  -  AglS  functions  as  a  DolP-mannose 
mannosyltransferase.  A.  Cellulose-based 
purification  of  CBD-AgIS  from  protein 
extracts  of  Hfx.  volcanii  parent  strain  cells 
and  of  cells  transformed  to  express  CBD- 
AglS  was  performed.  The  total  protein 
extract  and  cellulose-bound  proteins  from 
each  strain  were  separated  by  10%  SDS- 
PAGE,  Coomassie-stained  (CBB;  upper 
panel)  and  analyzed  by  immunoblot  using 
antibodies  raised  against  the  CBD  moiety 
(lower  panel).  B.  Schematic  depiction  of  the 
in  vitro  assay  of  AglS  function  employed. 

Membrane  fragments  prepared  from  D agIS 
cells  are  combined  with  cellulose-bound 
CBD-AgIS  for  0-3  h  at  42°C.  Aliquots  are 
drawn  at  1  h  intervals  and  LC-ESI  MS  is 
performed  to  determine  whether  AglS 
catalyzes  the  transfer  of  mannose  from 
DolP-mannose  to  the  glycan  corresponding 
to  the  first  four  subunits  of  the 
pentasaccharide  normally  N-linked  to  the 
protein.  C.  LC-ESI  MS  analysis  of  an  Asn-13- 
containing  S-layer  glycoprotein-derived 
peptide  from  A  agIS  cells  before  (-CBD-AgIS 
column)  and  3  h  after  (+CBD-AglS  column) 
incubation  with  cellulose-bound  CBD-AgIS. 

In  each  column,  the  upper  panel  presents 
that  region  of  the  LC-ESI  MS  profile 
containing  pentasaccharide-modified 

peptide,  while  the  lower  panel  reflects  that  region  of  the  profile  containing 
tetrasaccharide-modified  peptide.  In  each  panel,  the  identity  and  position  of  the  peak  in 
question  is  indicated.  The  results  are  representative  of  four  repeats  of  the  experiment. 
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Kandiba  L.,  Guan,  Z.  and  Eichler,  J.  (2013)  Lipid  modification  gives  rise  to 
two  distinct  Haloferax  volcanii  S-layer  glycoprotein  populations.  Biochim. 
Biophys.  Acta,  1828,  938-943. 

The  S-layer  glycoprotein  is  the  sole  component  of  the  protein  shell  surrounding 
Haloferax  volcanii  cells.  The  deduced  amino  acid  sequence  of  the  S-layer 
glycoprotein  predicts  the  presence  of  a  C-terminal  membrane-spanning  domain. 
However,  several  earlier  observations,  including  the  ability  of  EDTA  to 
selectively  solubilize  the  protein,  are  inconsistent  with  the  presence  of  a  trans¬ 
membrane  sequence.  In  the  present  report,  sequential  solubilization  of  the  S- 
layer  glycoprotein  by  EDTA  and  then  with  detergent  revealed  the  existence  of 
two  distinct  populations  of  the  S-layer  glycoprotein.  Whereas  both  S-layer 
glycoprotein  populations  underwent  signal  peptide  cleavage  and  N- 
glycosylation,  base  hydrolysis  followed  by  mass  spectrometry  revealed  that  a 
lipid,  likely  archaetidic  acid,  modified  only  the  EDTA-solubilized  version  of  the 
protein.  These  observations  are  consistent  with  the  S-layer  glycoprotein  being 
initially  synthesized  as  an  integral  membrane  protein  and  subsequently 
undergoing  a  processing  event  in  which  the  extracellular  portion  of  the  protein  is 
separated  from  the  membrane-spanning  domain  and  transferred  to  a  waiting 
lipid  moiety. 


Kaminski,  L.,  Lurie-Weinberger  M.N.,  Allers,  T.,  Gophna,  U.  and  Eichler,  J. 
(2013)  Phylogenetic-  and  genome-derived  insight  into  the  evolutionary 
history  of  N-glycosylation  in  Archaea.  Mol.  Phylogenet.  Evol.,  68,  327-339. 

N-glycosylation,  the  covalent  attachment  of  oligosaccharides  to  target  protein 
Asn  residues,  is  a  post-translational  modification  that  occurs  in  all  three  domains 
of  life.  In  Archaea,  the  N-linked  glycans  that  decorate  experimentally 
characterized  glycoproteins  reveal  a  diversity  in  composition  and  content 
unequaled  by  their  bacterial  or  eukaryal  counterparts.  At  the  same  time, 
relatively  little  is  known  of  archaeal  N-glycosylation  pathways  outside  of  a 
handful  of  model  strains.  To  gain  insight  into  distribution  and  evolutionary 
history  of  the  archaeal  version  of  this  universal  protein-processing  event,  168 
archaeal  genome  sequences  were  scanned  for  the  presence  of  aglB,  encoding  the 
known  archaeal  oligosaccharyltransferase,  an  enzyme  key  to  N-glycosylation. 
Such  analysis  predicts  the  presence  of  AglB  in  166  species,  with  some  species 
predicted  to  contain  multiple  versions  of  the  protein.  Phylogenetic  analysis 
reveals  that  the  events  leading  to  aglB  duplication  occurred  at  various  points 
during  archaeal  evolution.  In  many  cases,  aglB  is  found  as  part  of  a  cluster  of 
putative  N-glycosylation  genes.  The  presence,  arrangement  and  nucleotide 
composition  of  genes  in  aglB- based  clusters  in  five  species  of  the  halophilic 
archaeon  Haloferax  points  to  lateral  gene  transfer  as  contributing  to  the 
evolution  of  archaeal  N-glycosylation. 
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Kandiba,  L.  and  Eichler,  J.  (2013)  Analysis  of  genes  involved  in  the 
biosynthesis  of  sialic  acids  and  other  nonulosonic  acid  sugars  in  Archaea 
reveals  a  complex  evolutionary  history.  FEMS  Microbiol.  Lett.,  345, 110- 
120. 

Sialic  acids  and  the  other  nonulosonic  acid  sugars,  legionaminic  acid  and 
pseudaminic  acid,  are  nine  carbon-containing  sugars  that  can  be  detected  as 
components  of  the  glycans  decorating  proteins  and  other  molecules  in  Eukarya 
and  Bacteria.  Yet,  despite  the  prevalence  of  N-glycosylation  in  Archaea  and  the 
variety  of  sugars  recruited  for  the  archaeal  version  of  this  post-translational 
modification,  only  a  single  report  of  a  nonulosonic  acid  sugar  in  an  archaeal  N- 
linked  glycan  has  appeared.  Hence,  to  obtain  a  clearer  picture  of  nonulosonic 
acid  sugar  biosynthesis  capability  in  Archaea,  122  sequenced  genomes  were 
scanned  for  the  presence  of  genes  involved  in  the  biogenesis  of  these  sugars.  The 
results  reveal  that  while  Archaea  and  Bacteria  share  a  common  route  of  sialic 
acid  biosynthesis,  numerous  archaeal  nonulosonic  acid  sugar  biosynthesis 
pathway  components  were  acquired  from  elsewhere  via  various  routes.  Still,  the 
limited  number  of  Archaea  encoding  components  involved  in  the  synthesis  of 
nonulosonic  acid  sugars  implies  that  such  saccharides  are  not  major  components 
of  glycans  in  this  domain. 


Kaminski,  L.,  Guan,  Z.,  Yurist-Doutsch,  S.  and  Eichler,  J.  (2013)  Two  distinct 
N-glycosylation  pathways  process  the  Haloferax  volcanii  S-layer 
glycoprotein  upon  changes  in  environmental  salinity.  mBio,  4,  e00716-13. 

N-glycosylation  in  Archaea  presents  aspects  of  this  post-translational 
modification  not  seen  in  either  Eukarya  or  Bacteria.  In  the  haloarchaeon 
Haloferax  volcanii,  the  surface  (S)-layer  glycoprotein  can  be  simultaneously 
modified  by  two  different  N-glycans.  Asn-13  and  Asn-83  are  modified  by  a 
pentasaccharide,  whereas  Asn-498  is  modified  by  a  tetrasaccharide  of  distinct 
composition,  with  N-glycosylation  at  this  position  being  related  to  environmental 
conditions.  Specifically,  N-glycosylation  of  Asn-498  is  detected  when  cells  were 
grown  in  the  presence  of  1.75  but  not  3.4  M  NaCl.  While  deletion  of  genes 
encoding  components  of  the  pentasaccharide  assembly  pathway  had  no  effect  on 
the  biosynthesis  of  the  tetrasaccharide  bound  to  Asn-498,  deletion  of  genes 
within  the  cluster  spanning  HVO_2046-HVO_2061  interfered  with  the  assembly 
and  attachment  of  the  Asn-498-linked  tetrasaccharide.  Transfer  of  the  'low  salt’ 
tetrasaccharide  from  the  dolichol  phosphate  carrier  upon  which  it  is  assembled 
to  S-layer  glycoprotein  Asn-498  did  not  require  AglB,  the 

oligosaccharyltransferase  responsible  for  pentasaccharide  attachment  to  Asn-13 
and  Asn-83.  Finally,  although  biogenesis  of  the  'low  salt’  tetrasaccharide  is  barely 
discernible  upon  growth  at  the  elevated  salinity,  this  glycan  was  readily  detected 
under  such  conditions  in  strains  deleted  of  pentasaccharide  biosynthesis 
pathway  genes,  indicative  of  crosstalk  between  the  two  N-glycosylation 
pathways. 
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Fig  4  -  Working  model  of  the 
assembly  of  the  ‘low  salt’ 
tetrasaccharide  decorating  S-layer 
glycoprotein  Asn-498  in  Hfx.  volcanii 
cells  grown  in  1.75  M  NaCl.  The  sites 
of  action  of  the  novel  Agl  proteins 
identified  in  this  study  are  depicted. 
In  the  pathway,  the  vertical  line 
corresponds  to  DolP,  the  full  circles 
to  hexose  and  the  open  circle  to 
rhamnose.  The  Agl  proteins  listed  act 
at  the  cytosolic  face  of  the  plasma 
membrane. 


Arbiv,  A.,  Yurist-Doutsch,  S.,  Guan,  Z.  and  Eichler,  J.  (2013)  AglQ  is  a  novel 
component  of  the  Haloferax  volcanii  N-glycosylation  pathway.  PLoS  One,  8, 
e81782. 

N-glycosylation  is  a  post-translational  modification  performed  by  members  of  all 
three  domains  of  life.  Studies  on  the  halophile  Haloferax  volcanii  have  offered 
insight  into  the  archaeal  version  of  this  universal  protein-processing  event.  In 
the  present  study,  AglQ  was  identified  as  a  novel  component  of  the  pathway 
responsible  for  the  assembly  and  addition  of  a  pentasaccharide  to  select  Asn 
residues  of  Hfx.  volcanii  glycoproteins,  such  as  the  S-layer  glycoprotein.  In  cells 
deleted  of  aglQ,  both  dolichol  phosphate,  the  lipid  carrier  used  in  Hfx.  volcanii  N- 
glycosylation,  and  modified  S-layer  glycoprotein  Asn  residues  only  presented  the 
first  three  pentasaccharide  subunits,  pointing  to  a  role  for  AglQ  in  either 
preparing  the  third  sugar  for  attachment  of  the  fourth  pentasaccharide  subunit 
or  processing  the  fourth  sugar  prior  to  its  addition  to  the  lipid-linked 
trisaccharide.  To  better  define  the  precise  role  of  AglQ,  shown  to  be  a  soluble 
protein,  bioinformatics  tools  were  recruited  to  identify  sequence  or  structural 
homologs  of  known  function.  Site-directed  mutagenesis  experiments  guided  by 
these  predictions  identified  residues  important  for  AglQ  function.  The  results 
obtained  point  to  AglQ  acting  as  an  isomerase  in  Hfx.  volcanii  N-glycosylation. 
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Cohen-Rosenzweig,  C.,  Guan,  Z.,  Shaanan  ,  B.  and  Eichler,  J.  (2014)  Substrate 
promiscuity:  AglB,  the  archaeal  oligosaccharyltransferase,  can  process  a 
variety  of  lipid-linked  glycans.  Appl.  Environ.  Microbiol.,  80, 486-496. 

Across  evolution,  N-glycosylation  involves  oligosaccharyltransferases  that 
transfer  lipid-linked  glycans  to  selected  Asn  residues  of  target  proteins.  While 
these  enzymes  catalyze  similar  reactions  in  each  domain,  differences  exist  in 
terms  of  the  chemical  composition,  length  and  degree  of  phosphorylation  of  the 
lipid  glycan  carrier,  in  terms  of  the  sugar  linking  the  glycan  to  the  lipid  carrier 
and  in  terms  of  the  composition  and  structure  of  the  transferred  glycan.  To  gain 
insight  into  how  oligosaccharyltransferases  cope  with  such  substrate  diversity, 
the  present  study  compared  the  archaeal  oligosaccharyltransferase  AglB  from 
four  haloarchaeal  species.  Accordingly,  it  was  shown  that  despite  processing 
distinct  lipid-linked  glycans  in  their  native  hosts,  AglB  from  Haloarcula 
marismortui,  Halobacterium  salinarum  and  Haloferax  mediterranei  could  readily 
replace  their  counterpart  from  Haloferax  volcanii  when  introduced  into  Hfx. 
volcanii  cells  deleted  of  aglB.  As  the  four  enzymes  show  significant  sequence  and 
apparently  structural  homology,  it  would  appear  that  the  functional  similarity  of 
the  four  AglB  proteins  reflects  the  relaxed  substrate  specificity  of  these  enzymes. 
Such  demonstration  of  AglB  substrate  promiscuity  is  important  not  only  for 
better  understanding  of  N-glycosylation  in  Archaea  and  elsewhere  but  also  for 
efforts  aimed  at  transforming  Hfx.  volcanii  into  a  glyco-engineering  platform. 


Fig  5  -  LC-ESI  MS  analysis  of  a  S-layer  glycoprotein  Asn-13-containing  peptide  from  Hfx. 
volcanii  AaglB  cells  transformed  to  express  CBD-tagged  versions  of  haloarchaeal  AglB.  A. 
The  arrow  indicates  the  expected  position  of  the  pentasaccharide-modified  peak  that  is 
not  detected  in  Hfx.  volcanii  AaglB  cells.  B.  The  indicated  monoisotopic  [M+2H]2+  peak  at 
m/z  791.36  corresponds  to  the  non-glycosylated  Asn-13-containing  peptide  detected  in 
Hfx.  volcanii  AaglB  cells.  C-F.  MS/MS  analysis  of  a  pentasaccharide-charged  peptide  [m/z 
1224.48)  from  Hfx.  volcanii  AaglB  cells  transformed  to  express  CBD-tagged  Hfx.  volcanii 
(C),  Hbt.  salinarum  (D),  Har.  marismortui  (E)  and  Hfx.  mediterranei  AglB  (F)  identified  by 
LC-ESI  MS  reveals  the  presence  of  mono-  [m/z  872),  di-  [m/z  960),  tri-  [m/z  1048)  and 
tetrasaccharide-charged  [m/z  1143)  fragments.  The  region  indicated  by  x5  and  xlO 
reflect  magnification  of  the  ion  peaks  in  the  corresponding  region  of  the  m/z  values  on 
the  graph.  Symbols  used:  N,  Asn-13-containing  peptide;  open  square,  hexose;  full  circle, 
hexuronic  acid;  full  square,  mannose. 
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Kaminski,  L.  and  Eichler,  J.  (2014)  Haloferax  volcanii  N-glycosylation: 
Delineating  the  pathway  of  dTDP-rhamnose  biosynthesis.  PLoS  One,  9, 
e97441. 

In  the  halophilic  archaea  Haloferax  volcanii,  the  surface  (S)-layer  glycoprotein 
can  be  modified  by  two  distinct  N-linked  glycans.  The  tetrasaccharide  attached  to 
S-layer  glycoprotein  Asn-498  comprises  a  sulfated  hexose,  two  hexoses  and  a 
rhamnose.  While  Aglll-14  have  been  implicated  in  the  appearance  of  the 
terminal  rhamnose  subunit,  the  precise  roles  of  these  proteins  have  yet  to  be 
defined.  Accordingly,  a  series  of  in  vitro  assays  conducted  with  purified  Aglll- 
Agll4  showed  these  proteins  to  catalyze  the  stepwise  conversion  of  glucose- 1- 
phosphate  to  dTDP-rhamnose,  the  final  sugar  of  the  tetrasaccharide  glycan. 
Specifically,  Aglll  is  a  glucose-l-phosphate  thymidylyltransferase,  Agll2  is  a 
dTDP-glucose-4, 6-dehydratase  and  Agll3  is  a  dTDP-4-dehydro-6-deoxy-glucose- 
3,5-epimerase,  while  Agll4  is  a  dTDP-4-dehydrorhamnose  reductase.  Archaea 
thus  synthesize  nucleotide-activated  rhamnose  by  a  pathway  similar  to  that 
employed  by  Bacteria  and  distinct  from  that  used  by  Eukarya  and  viruses. 
Moreover,  a  bioinformatics  screen  identified  homologues  of  aglll-14  clustered 
in  other  archaeal  genomes,  often  as  part  of  an  extended  gene  cluster  also 
containing  agIB,  encoding  the  archaeal  oligosaccharyltransferase.  This  points  to 
rhamnose  as  being  a  component  of  N-linked  glycans  in  Archaea  other  than  Hfx. 
volcanii. 
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Fig  6  -  Agll3  and 
Agll4  together 
convert  dTDP-4- 
keto-6-deoxy- 
glucose  into  dTDP- 
rhamnose. 
Cellulose-bound 
CBD-Agll3  and 
CBD-Agll4  were 
combined  with 
dTDP-4-keto-6- 
deoxy-glucose  and 
NADPH  and  the 
soluble  fraction  was 
examined  by  nano- 
ESI/MS  analysis. 
Peaks 

corresponding  to 
dTDP-rhamnose 
and  the  sodium 

adduct  are  indicated.  Inset:  Purification  of  CBD-Agll3  and  CBD-Agll4.  Cell  extracts  and 
cellulose-bound  protein  from  Hfx.  volcanii  cells  transformed  to  express  CBD-Agll3  (left) 
or  CBD-Agll4  (right)  were  separated  on  10%  SDS-PAGE  and  Coomassie-stained.  Protein 
bands  corresponding  to  CBD-Agll3  and  CBD-Agll4  are  observed  in  each  lane  of 
cellulose-bound  material.  The  positions  of  molecular  weight  markers  are  shown  on  the 
left  of  each  gel. 
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Godin,  N.  and  Eichler,  J.  (2014)  aglgenes,  a  curated  and  searchable  database 
of  archaeal  N-glycosylation  pathway  components.  Database,  2014,  bau046. 

Whereas  N-glycosylation  is  a  post-translational  modification  performed  across 
evolution,  the  archaeal  version  of  this  protein-processing  event  presents  a 
degree  of  diversity  not  seen  in  either  Bacteria  or  Eukarya.  Accordingly,  archaeal 
N-glycosylation  relies  on  a  large  number  of  enzymes  that  are  often  species- 
specific  or  restricted  to  a  select  group  of  species.  As  such,  there  is  a  need  for  an 
organized  platform  upon  which  amassing  information  about  archaeal 
g/ycosylation  [agl]  genes  can  rest.  Accordingly,  the  aglgenes  database  provides 
detailed  descriptions  of  experimentally  characterized  archaeal  N-glycosyation 
pathway  components.  For  each  agl  gene,  genomic  information,  supporting 
literature  and  relevant  external  links  are  provided  at  a  functional  intuitive  web 
interface  designed  for  data  browsing.  Routine  updates  ensure  that  novel 
experimental  information  on  genes  and  proteins  contributing  to  archaeal  N- 
glycosylation  is  incorporated  into  aglgenes  in  a  timely  manner.  As  such,  aglgenes 
represents  a  specialized  resource  for  sharing  validated  experimental  information 
online,  providing  support  for  workers  in  the  field  of  archaeal  protein 
glycosylation. 
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Fig  7  -  Screenshots  of  the  results  of  a  sample  aglgenes  query.  A.  The  user  inputs  the 
string  "aglb"  in  the  search  field,  for  example.  B.  The  results  for  the  query  are  presented 
in  tabular  format.  C.  After  selecting  the  entry  of  interest  from  the  list  of  organisms 
containing  the  gene  selected  in  this  example,  detailed  information  for  the  selected 
aglgenes  entry  is  retrieved  in  a  new  web  page. 
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Kandiba,  L.  and  Eichler,  J.  (2014)  Deciphering  a  pathway  of  Halobacterium 
salinarum  N-glycosylation.  Microbiology  Open,  in  press. 


Genomic  analysis  points  to  N-glycosylation  as  being  a  common  post-translational 
modification  in  Archaea.  To  date,  however,  pathways  of  archaeal  N-glycosylation 
have  only  been  described  for  few  species.  With  this  in  mind,  the  similarities  of  N- 
linked  glycans  decorating  glycoproteins  in  the  haloarchaea  Haloferax  volcanii 
and  Halobacterium  salinarum  directed  a  series  of  bioinformatics,  genetic  and 
biochemical  experiments  designed  to  describe  that  Hbt.  salinarum  pathwyay 
responsible  for  biogenesis  of  one  of  the  two  N-linked  oligosaccharides  described 
in  this  species.  As  in  Hfx.  volcanii,  where  agl  (archaeal  g/ycosylation)  genes  that 
encode  proteins  responsible  for  the  assembly  and  attachment  of  a 
pentasaccharide  to  target  protein  Asn  residues  are  clustered  in  the  genome,  Hbt. 
salinarum  also  contains  a  group  of  clustered  homologous  genes  ( VNG1048G - 
VNG1068G).  Introduction  of  these  Hbt.  salinarum  genes  into  Hfx.  volcanii  mutant 
strains  deleted  of  the  homologous  sequence  restored  the  lost  activity.  Moreover, 
transcription  of  the  Hbt.  salinarum  genes  in  the  native  host,  as  well  as  in  vitro 
biochemical  confirmation  of  the  predicted  functions  of  several  of  the  products  of 
these  genes  provided  further  support  for  assignments  made  following 
bioinformatics  and  genetic  experiments.  Based  on  the  results  obtained  in  this 
study,  the  first  description  of  an  N-glycosylation  pathway  in  Hbt.  salinarum  is 
offered. 
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Table  1  -  Functional  replacement  of  Hfx.  volcanii  Agl  proteins  by  their  Hbt.  salinarum 
homologues 
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